Purpose: To investigate energy deposition in glandular tissues of the breast on macro-and microscopic length scales in the context of mammography. Methods: Multiscale mammography models of breasts are developed, which include segmented, voxelized macroscopic tissue structure as well as nine regions of interest (ROIs) embedded throughout the breast tissue containing explicitly-modelled cells. Using a 30 kVp Mo/Mo spectrum, Monte Carlo (MC) techniques are used to calculate dose to $ mm voxels containing glandular and/or adipose tissues, as well as energy deposition on cellular length scales. ROIs consist of at least 1000 mammary epithelial cells and $ 200 adipocytes; specific energy (energy imparted per unit mass; stochastic analogue of the absorbed dose) is calculated within mammary epithelial cell nuclei. Results: Macroscopic dose distributions within segmented breast tissue demonstrate considerable variation in energy deposition depending on depth and tissue structure. Doses to voxels containing glandular tissue vary between $ 0.1 and $ 4 times the mean glandular dose (MGD, averaged over the entire breast). Considering microscopic length scales, mean specific energies for mammary epithelial cell nuclei are $ 30% higher than the corresponding glandular voxel dose. Additionally, due to the stochastic nature of radiation, there is considerable variation in energy deposition throughout a cell population within a ROI: for a typical glandular voxel dose of 4 mGy, the standard deviation of the specific energy for mammary epithelial cell nuclei is 85% relative to the mean. Thus, for a glandular voxel dose of 4 mGy at the centre of the breast, corresponding mammary epithelial cell nuclei will receive specific energies up to $ 9 mGy (considering the upper end of the 1r standard deviation of the specific energy), while a ROI located 2 cm closer to the radiation source will receive specific energies up to $ 40 mGy. Energy deposition within mammary epithelial cell nuclei is sensitive to cell model details including cellular elemental compositions and nucleus size, underlining the importance of realistic cellular models. Conclusions: There is considerable variation in energy deposition on both macro-and microscopic length scales for mammography, with glandular voxel doses and corresponding cell nuclei specific energies many times higher than the MGD in parts of the breast. These results should be considered for radiation-induced cancer risk evaluation in mammography which has traditionally focused on a single metric such as the MGD.
INTRODUCTION
Mammography risk assessment is based on estimations of dose to glandular tissue, which is more radiosensitive than adipose tissue or skin; irradiation of glandular tissue can lead to breast cancer. 1 Historically, breast dosimetry studies for mammography assumed that breast tissue was a homogeneous mixture of glandular and adipose tissues, considering mean glandular dose (MGD; averaged over the entire breast) as the relevant radiation protection metric. 2, 3 MGD varies with compressed breast thickness, the amount of glandular tissue in the breast (i.e., the glandularity), and source spectrum. 4 MGD is also dependent on imaging technique (e.g., digital radiography, computed radiography or film-screen system), with the replacement of film-screen imaging with digital radiography resulting in a $ 25% decrease in MGD; typical MGD values range between $ 0.5 and $ 7 mGy. 5 More recently, Monte Carlo (MC) simulations involving computational phantoms with segmented breast tissue have demonstrated that the use of homogeneous breast tissue models can result in an overestimation of glandular tissue dose by $ 30%. 6, 7, 8 This discrepancy is due to glandular tissue being typically more concentrated near the centre of the breast, where dose is lower due to attenuation of the incident fluence. The advent of dedicated breast computed tomography (DBCT) provides the opportunity for patient-specific MGD estimates based on a realistic segmented breast tissue model. 1 Because these DBCT images are often obtained with the breast in a pendant geometry, algorithms for simulated compression have been developed. 9 Real breast specimens can be compressed prior to CT imaging 10 ; however, this process is likely inconvenient for a live subject. Hernandez et al. 7 use a database consisting of 219 DBCT images to develop mathematical models describing glandular tissue distributions, which are a function of the radial distance from the centre of mass of the breast. Despite these advances in computational breast modelling, a single metric such as the MGD remains the primary focus of mammography breast dosimetry studies.
On the microscopic level, the human breast contains epithelial cells that line mammary glands, adipocytes (lipid storage cells) and fibroblasts. Regarding radiation-induced cancers, epithelial cell malignancies are most common. 11 Cell nuclei (which contain DNA) are considered important targets for cancer induction. 12 Recent research considering energy deposition in cellular targets has demonstrated considerable differences between macro-and microscopic dose descriptors: nuclear doses differ from dose-to-medium by up to 32% for kilovoltage photon energies. 13 Given that mammography uses kilovoltage photon sources, these results suggest that there may be considerable differences between macroscopic dose descriptors relevant for mammography (such as the MGD or dose to a glandular tissue voxel), and energy deposition in subcellular targets within the breast. Furthermore, the stochastic nature of radiation transport and energy deposition is a potentially important consideration for low doses ( $ several mGy) and small ( $ lm-sized) target sizes. 14, 15 In these cases, there will be considerable variation in energy imparted per unit mass (specific energy) among targets (e.g., cell nuclei). The specific energy z is the stochastic analogue of the absorbed dose D, which is generally equal to the mean specific energy. 16 The present study uses MC techniques to investigate energy deposition in glandular tissues in the context of mammography using novel, multiscale breast models. Our study has 3 parts: in the first, we use segmented computational breast phantoms to study doses to (macroscopic) voxels of glandular and adipose tissue throughout the breast resulting from mammographic irradiation (in contrast with previous studies that generally focused on estimating macroscopic dose metrics for the whole breast such as MGD). In part 2, we investigate energy deposition in glandular tissue on the microscopic level by simulating populations of mammary epithelial cells and adipocytes. While previous work has explored how various model parameters affect dose metrics over the whole breast (see e.g., Sarno et al. 17 ), in part 3 we consider the sensitivity of energy deposition on the cellular level with respect to various macro-and microscopic model parameters.
METHODS

2.A. Development of multiscale breast models for mammography
Multiscale breast models are developed, which combine varying levels of detail on different length scales ( Fig. 1) , as it is not feasible to model microscopic detail throughout the entire breast. The macroscopic features of computational models are based on case 3 from AAPM task group (TG) 195 18 in terms of overall geometry (e.g., half-cylinder-shaped breast compressed between 2 PMMA plates and a rectangular water prism "body"). Unlike TG-195, our models include segmented breast tissue in voxels, as well as regions of , and detail (right), showing cross sections through the breast, which is compressed between two PMMA plates. The "body" is modelled as a rectangular prism of water. A point source (30 kVp Mo/Mo spectrum) is located at Z = 62 cm. ROIs (black dots) contain explicitly modelled mammary epithelial cells and adipocytes embedded in an extracellular matrix (ECM). In addition to the five locations shown here, cell populations are also located at (0, AE 4, AE Z shift ) cm. For simplicity, segmented breast tissue is not illustrated in (a), but is shown in (b) for phantom 012204 at Z = 0 cm. Voxels contain skin (in green), glandular tissue ("G"; red), adipose tissue ("A"; yellow), a mixture of 50% glandular and 50% adipose tissue by mass ("G/A"; orange) or a mixture of glandular and adipose tissues having the same glandularity as the segmented phantom (17% by mass in this case) ("G/A matched ": magenta). [Color figure can be viewed at wileyonlinelibrary.com] interest (ROI) containing cell populations -both described further in the following. The coordinate system denoted with upper-case letters (X,Y,Z) is defined in Fig. 1 ; lower-case z is reserved for the specific energy.
In this work, breast tissue is segmented into cubic voxels with 0.5 mm side length. Most results are presented for simulations involving breast tissue based on phantom 012204 from the database of computational breast phantoms (derived from MRIs of pendant breasts) provided by Zastrow et al. 19 The glandularity of breast phantom 012204 is closest to what is typical according to Yaffe et al. 20 This phantom is trimmed to fit inside the breast tissue region of the breast phantom shown in Fig. 1 ; the trimmed phantom has a glandularity of 17% by mass, with adipose making up the remainder. Since breast phantom 012204 does not fill the entire TG-195 breast volume, the remaining voxels are filled with a homogeneous mixture of glandular and adipose tissues, with 17% glandularity by mass. The three "fatty" tissues reported by Zastrow et al. 19 are reclassified as adipose tissue, the three "fibroconnective/glandular" tissues are reclassified as glandular tissue, and the 'transitional' tissue is assigned to a mixture containing 50% glandular and 50% adipose tissue by mass. Elemental compositions and densities of water, air, skin and PMMA are the same as those used in TG-195. Adipose and glandular tissue compositions and densities are obtained from Woodard and White 21 ("adipose tissue 2" and "mammary gland 2", respectively).
Spherical ROIs containing populations of cells (mammary epithelial cells; adipocytes) are embedded throughout the breast tissue. Nine ROIs are considered: (0,0,0), (0, AE 4,0), (0,0, AE Z shift ) and (0, AE 4, AE Z shift ) cm [five are shown in Fig. 1(a) ]. The location (0,0,0) is defined at 3.75 cm from the chest wall in the anterior-posterior (X) direction, and centred within the breast in the left-right (Y) and inferior-superior (Z) directions. ROI radii depend on cell configuration, ranging from 126 to 480 lm. Figure 2 depicts the 4 different configurations of mammary epithelial cells and adipocytes, embedded in an extracellular matrix (ECM), considered within these ROI. Cell configurations 1 to 3 contain at least 1000 mammary epithelial cells and $ 200 adipocytes, while configuration 4 involves no adipocytes and contains exactly 1000 epithelial cells. Most results are presented for configuration #1, with results from the other configurations used to investigate how cell arrangement method affects energy deposition within mammary epithelial cell nuclei. Cell positions are obtained from the results of pouring simulations carried out using the LAMMPS Molecular Dynamics Simulator. 22 The number of adipocytes in cell configurations 1-3 is determined by requiring that the total mass of adipocyte lipid droplets divided by the total mass of the ROI is equal to the lipid fraction of glandular bulk tissue (30.9% by mass for Woodard and White 21 ). Mammary epithelial cells fill in the remaining ROI volume, requiring a minimum cell separation distance of 2.06 lm.
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For cell configuration #1 [ Fig. 2(a) ], the minimum separation distance between mammary epithelial cells and adipocytes is increased to 11 lm so that the ROI volume and number of epithelial cells is similar to the other cell configurations.
Mammary epithelial cells are modelled as two concentric spheres, with cytoplasm and nucleus compartments. Adipocytes have a third compartment containing lipid. Cellular compartment sizes are randomly sampled from normal distributions. Cellular compartment sizes for mammary epithelial cells are obtained by taking the average of breast cancer cell data presented by Cai et al. 24 mean cell radius is r cell,epi = 8.9 lm; mean nuclear radius is r nuc,epi = 5.8 lm.
Adipocyte lipid droplet size is determined from a literature survey of lipid droplet mass per cell for normal, human adults, [25] [26] [27] [28] yielding a mean radius of r lipid = 51 lm. The mean adipocyte nuclear radius is taken to be r nuc,adi = 1.5 lm, as suggested by Beaulieu et al. 29 Mean adipocyte cell radius is set to r cell,adi = 53 lm to encompass the lipid and nucleus compartments. The standard deviation on all radii except for r nuc,adi is 1.0 lm, which is motivated by uncertainties reported by Cai et al. 24 ; a standard deviation of 0.2 lm is assumed for r nuc,adi .
Nucleus and cytoplasm elemental compositions are based on normal mouse mammary epithelial cells 30 to composition "g" in table A1 of Oliver and Thomson 13 ). Lipid elemental composition and density are obtained from ICRP publication 89. 31 The ECM is defined such that the average composition and density of the cells plus ECM is approximately equivalent to that of glandular bulk tissue. A different ECM composition is calculated for each of the four cell configurations (Fig. 2) .
The sensitivity of energy deposition on the microscopic scale with respect to various macro-and microscopic model parameters is explored. Breast thicknesses (Z-dimension) of 2 and 8 cm are considered, with Z shift = 0.5 and 3 cm, respectively, in addition to the 5 cm thickness mentioned above, with Z shift = 2 cm [ Fig. 1(a) ]. In addition to the segmented breast tissue model described above (based on phantom 012204; 17% glandularity by mass) we also consider phantoms 012804 (3.8% glandularity by mass) and 062204 (37% glandularity by mass) from Zastrow et al. 19 Homogeneous breast tissue which is a mixture of glandular and adipose tissues is also considered. In addition to the "mammary gland 2" definition given by Woodard and White, 21 that of Hammerstein et al. 32 is also considered. Nucleus and cytoplasm elemental compositions based on malignant instead of normal mouse mammary epithelial cells are also considered (corresponding to composition "b" in table A1 of Oliver and Thomson 13 ). Based on the limited information available in the published literature for normal human mammary epithelial cells, a smaller mean nuclear radius of 2.8 lm is also considered, 33 in addition to r nuc,epi = 5.8 lm. This value of r nuc,epi for normal cells was inferred from mean nucleus cross sectional area, 33 assuming a spherical nucleus.
2.B. Monte Carlo simulations
Monte Carlo simulations are carried out with the EGSnrc MC software 34 (2017 distribution) with the egs_brachy 35 and egs_chamber applications, 36 with details provided below. For all MC calculations, the XCOM photon cross section database is used. 37 Rayleigh scattering and electron impact ionization are turned on. Other transport parameters are EGSnrc defaults. The high resolution random number generator is used. Statistical uncertainties on doses are estimated via the history-by-history method. 38 The radiation source is a point source located at (À3.75,0,62) cm [ Fig. 1(a) ] that emits photons according to a 30 kVp mammography spectrum with Molybdenum target and 0.0386 mm-thick Molybdenum filter (Mo/Mo). 18 The source is collimated (using the egs_collimated_source from the EGSnrc C++ class library 39 ), with photons aimed toward a 14 9 26 cm 2 rectangle in the XY-plane, situated 1.5 cm below the bottom of the breast skin. Furthermore, as part of the sensitivity analysis described at the end of the previous section, we consider two additional mammography photon spectra: a 20 kVp spectrum with molybdenum target and 0.0386 mm-thick molybdenum filter (Mo/Mo), and a 30 kVp spectrum with tungsten target and 0.05 mm-thick rhodium filter (W/Rh). These spectra were obtained from the MASMICS and TASMICS models developed by Hernandez et al. 40 Dose distributions within the voxelized breast tissue models for part 1 (based on phantoms 012204, 012804 and 062204 as described in Section 2.A) are computed with egs_brachy 35 (2017 distribution). In part 1, only a compressed breast thickness of 5 cm is considered. Photon transport is simulated to 1 keV and no electrons are transported. A tracklength estimator is used to score collision kerma which is equivalent to dose-to-medium within each of the (0.5 mm) 3 voxels of the segmented phantom (under the assumption of charged-particle equilibrium 18 ). The "muen for medium" option in egs_brachy is used to score dose to glandular tissue while transport is carried out in voxels containing mixtures of glandular and adipose tissues. MGD is estimated by averaging dose to glandular tissue across the entire phantom, with voxel contributions weighted according to glandularity. Statistical uncertainties on voxel doses and on the MGD are less than 0.2% and 0.0001%, respectively (for all phantoms considered herein).
Specific energies (z) in mammary epithelial cell nuclei within ROIs (for parts 2 and 3) are computed using egs_chamber 36 (2017 distribution). We use a version of egs_chamber previously modified to allow scoring energy deposition in multiple regions 15, 41 ; no variance reduction techniques are employed. The transport cutoff and production threshold for the kinetic energy of electrons and photons is 1 keV. The application of EGSnrc/egs_chamber to score specific energy within microscopic targets has been discussed previously 41, 15, 42 . Results demonstrated insensitivity to transport parameters; in particular, results were unaffected by increasing the electron transport cutoff from 1 to 2 keV in 0.25 keV increments. This demonstrates that there is convergence with decreasing transport cutoff energy, as expected given that the range of a 1 keV electron in water is $ 0.04 lm, which is relatively small compared to the dimensions encountered in the simulation geometries considered herein. Results were also found to be unaffected by changes in the distance from a region boundary where single scattering mode is used instead of the condensed history approach. Other works considering lm-scale geometries have compared EGSnrc results with results from other MC codes, demonstrating good agreement within microscopic scoring regions. 43, 44 Additionally, the macroscopic aspects of the simulation geometry were verified by comparing our MC results with those presented in TG-195 18 (results not shown). The mean ( z), standard deviation (r z ), and distribution (f(z,D); normalized such that R 1 0 f ðz; DÞdz ¼ 1) of the specific energy for mammary epithelial cell nuclei are calculated for each ROI; r z =z is the relative standard deviation of the specific energy; f z=0 is the fraction of nuclei receiving no energy deposition. The glandular voxel dose (D gl (X,Y,Z)) is the dose to a sphere of glandular tissue occupying the space of the cell population and ECM at location (X,Y,Z) cm; a distinct value of D gl is calculated for each ROI. Because D gl is scored in a region that has a different elemental composition than that of mammary epithelial cell nuclei, z is generally not Fig. 3, representing regions (a,b) 45 Therefore, it is generally true that relatively low (high) doses are observed in Fig. 3 in voxels containing adipose (glandular) tissue. The tissue structure located upstream also plays an important role in determining downstream fluence and therefore dose. For example, low dose regions are apparent in Fig. 3(d) due to upstream glandular tissue [ Fig. 3(a) ]. Low dose regions attributable to upstream tissue structure (not shown; varies from subject to subject) are also apparent in Fig. 3(h) and 3(j) . Lack of scatter from air contributes to lower dose in the breast tissue near the outer edges of the phantom (not shown). Dose is also relatively low near the chest wall (i.e., X = À3.75 cm) because this is the edge of the radiation field, hence there is little radiation scattered into the breast from the water phantom representing the body [ Fig. 1(a) ]. 
3.B. Part 2: Specific energy distributions within cell populations
Specific energy distributions for mammary epithelial cell nuclei vary considerably with depth, due to attenuation, as evidenced by the variation in f(z,D) with ROI Z-coordinate observed in Fig. 4(a) . Specific energy distributions also vary somewhat with changes in the Y-coordinate (right-left direction -see Fig. 1 ); this dependence is likely due to differences in upstream tissue structure with e.g., less glandular tissue upstream resulting in less attenuation and an f(z,D) that is shifted toward higher specific energies. In Fig. 4(a) , the number of histories is chosen such that D gl (0,0,0) = 4 mGy, with different values of D gl for the other ROIs [shown in Fig. 4(c) ]. Carrying out a series of MC simulations with different numbers of histories such that each ROI has the same magnitude of dose, D gl , yields f(z,D) for different ROIs that are in good agreement (not shown). For smaller D gl , f(z,D) is more skewed (less normal), has a larger fraction of targets receiving no energy deposition (f z=0 ), and has a larger relative standard deviation (r z =z) -see Fig. 4(b) . Figure 4 (c) illustrates the variation in z and D gl that occurs throughout the breast due to differences in attenuation and scatter, demonstrating that D gl varies between 1 and 24 mGy, with the ROIs located at Z = 2 cm receiving the most energy deposition because they are closest to the radiation source. Because the elemental compositions of mammary epithelial cell nuclei and their surroundings are different from that of glandular tissue, z exceeds D gl by 27%. For the nine ROIs considered, the MGD is closest to D gl for the ROIs at Z = 0 cm. Figure 5 demonstrates that r z =z decreases as a function of D gl , in agreement with Fig. 4(b) . As dose increases, the average number of energy deposition events per target increases so that there is less variation in specific energy resulting from the stochastic nature of radiation. For a typical D gl of 4 mGy, r z =z ¼ 85%. As D gl increases from 0.5 to 6.5 mGy, r z =z decreases from $ 250% to $ 70%. The relationship shown in The curves shown in Fig. 5 exhibit discontinuities (i.e., the curves appear jagged), especially for D gl < 3 mGy; low doses correspond to fewer interactions occurring within the ROI, resulting in an increase in statistical fluctuations; some nuclei receive no energy deposition at all [f z=0 > 0; Fig. 4(b) ]. Furthermore, since cell/nucleus sizes are randomly sampled from normal distributions (Section 2.A), not every cell/nucleus in the population is the same size. Therefore, if only a small subset of cells contributes to the calculation of r z or z (due to f z=0 > 0), then the average size of cells/nuclei in this subset may differ from that of the full population. Based on previous work, 15 a shift in average cell/nucleus size is expected to change the shape of the specific energy distribution, resulting in a corresponding change in r z =z. Figure 6 (h) demonstrates that f(z,D) is dependent on incident photon spectrum, as expected based on previous studies. 15, 42 For the range of spectra considered, differences in f(z,D) are not very pronounced (i.e., compared to the differences observed in Fig. 6(g) resulting from changing r nuc,epi ). The results in Fig. 6(d) for the ROI at (0,0,0) and other ROIs (not shown) demonstrate that f(z,D) is approximately insensitive to whether the breast tissue is homogeneous or segmented. In principle, certain breast tissue structures could affect the fluence reaching the ROI, which could lead to differences in f(z,D); however, this potential effect is not observed for the breast tissue structure considered herein.
3.C. Part 3: Sensitivity analysis for specific energy distributions
DISCUSSION
The 3D macroscopic dose distributions demonstrate considerable variation in dose throughout the voxelized breast tissue models (part 1; Section 3.A): doses range from 0.1 to more than 4 times the MGD in the scenarios considered. The general trend of decreasing dose with increasing depth in breast tissue [ Fig. 3(a)-3(f) ] is in agreement with the glandular tissue dose distribution shown in figure 7(a) of Sechopoulos et al. 6 In addition to these dose variations on macroscopic scales, our multiscale models demonstrate that mean specific energies to mammary epithelial cell nuclei ( z) systematically exceed the corresponding macroscopic glandular voxel dose (D gl ) by 27% (part 2; Section 3.B). Furthermore, there are large variations in specific energy within cell populations, e.g., r z =z ¼ 85% when D gl = 4 mGy. These macro-and microscopic dosimetric phenomena are brought together in Fig. 4(c) : with D gl (0,0,0)≃4 mGy, doses are substantially higher nearer the radiation source, e.g., D gl (0, AE 4,2) ≃24 mGy, with z≃30 mGy and specific energies reaching $ 40 mGy = 10 9 D gl (0,0,0) when considering the 1r standard deviation of the specific energy. Therefore, for a typical mammography procedure, some mammary epithelial cell nuclei receive specific energy considerably larger than expected based on knowledge of MGD, D gl or even z. This should be considered in future studies on mammography radiation protection given that cancer induction risk varies (increasing in general) with dose level. 47 Specific energies would vary by an even larger amount for a smaller mean nuclear radius [ Fig. 6(g) ], which may be more appropriate for normal epithelial cells. 33 In general, MGD and D gl are observed to be in nearest agreement for the ROIs at Z = 0 cm, near the center of the breast [ Fig. 4(c) ]. Reporting only the MGD fails to provide any description of the two types of variation described in the previous paragraph i.e., macroscopic variations in dose throughout the breast due to differences in attenuation and scatter, and variation throughout a population of cells due to the stochastic nature of radiation. Dance and Sechopoulos 1 point out that the MGD should not be interpreted as an accurate estimate of breast dose; instead, the MGD is a useful and convenient metric for examining relative trends in breast dose. More detailed computational models for breast dosimetry could be used to develop better informed mammography risk assessment, based on more than a single dose estimate such as the MGD.
Yaffe and Mainprize 48 concluded that the risk for radiation-induced breast cancer arising from a typical mammographic screening program is "small" relative to the number of lives saved by cancer diagnosis and subsequent treatment. Nonetheless, research 47, [49] [50] [51] has begun to question the accuracy of traditional breast cancer risk assessment protocols for mammography, which are often based on data from atomic bomb survivors who were exposed to radiation at a higher energy than what is used in mammography. The relatively low energy x-rays used in mammography are potentially twice as damaging per unit dose due to their higher linear energy transfer (LET). 49 However, Mills et al. 50 pointed out that photoelectric events are the dominant interaction type for typical mammography photon energies so that the spectrum of electrons set into motion by mammography x-rays is similar to that which is generated by 200 keV photons, which are likely to undergo Compton scattering. Furthermore, the microdosimetric analysis carried out by Verhaegen and Reniers 51 indicates that the dose-mean lineal energy of mammography x-rays varies with depth, and depends on choice of target/filter combination. Finally, risk assessment for mammography often involves extrapolation of the doseresponse curve to low doses, where the linear no-threshold model is assumed, but not verified. glandular voxel dose is known, then the corresponding f(z,D) could be obtained from a database of specific energy distributions corresponding to different dose levels and mammography spectra. However, the distributions f(z,D) are weakly sensitive to cellular elemental composition [ Fig. 6(f) ], and strongly sensitive to mammary epithelial cell nuclear radius (r nuc,epi ) [ Fig. 6(g) ]. Dependence on r nuc,epi is in agreement with previous research 15 demonstrating f(z,D) sensitivity to cell and nucleus size. Unfortunately, data on cell morphology are limited: cell and nucleus radii for breast cancer cells were used for most of this work due to the limited relevant information for (non-cancerous) mammary epithelial cells (see Section 2.A). Results emphasize the need for accurate cell models, and highlight dosimetric differences between healthy and malignant tissues. Cellular elemental compositions considered herein are based on mouse mammary epithelial cells (see Section 2.A); results may vary if human cell media were available.
The structure and composition of the breast varies from woman to woman; Fig. 3 demonstrates variation in breast tissue structure (and corresponding variation in the dose distribution) for three example cases, with glandularities ranging from 3.8% to 37% by mass. In fact, glandular structure varies with age, menstrual cycle stage, lactation status and depends on whether or not the woman has given birth. 52, 11 Although the glandular tissue definition of Hammerstein et al. 32 is frequently used in the mammography dosimetry literature, 1 Woodard and White 21 is primarily used herein because it is a more recent publication which cites Hammerstein et al. 32 Woodard and White 21 use seven specimens taken from postmenopausal women, while Hammerstein et al. 32 use only five samples. Regardless, Fig. 6 (c) demonstrates that f(z,D) for a given D gl is approximately insensitive to glandular tissue composition. Tomal et al. 53 report that neoplastic breast tissues have linear attenuation coefficients that are higher than those of normal glandular tissue, potentially due to an increased concentration of higher atomic number elements. Future work may investigate the dosimetric consequences of this change in elemental composition.
In this study, we generate segmented, compressed computational breast phantoms using data from Zastrow et al., 19 who provide open-source data for (uncompressed) pendant breasts. The difference in shape between compressed and pendant breasts means that our voxelized phantom models involve approximations [e.g., trimming the pendant breast to fit the TG-195 compressed breast shape, and filling the remaining voxels with a homogeneous mixture of glandular and adipose tissues - Fig. 1(b) ], possibly resulting in additional glandular tissue near the surface of the breast. Future work may investigate more sophisticated, compressed breast phantoms: for example, Sechopoulos et al. 6 use a compression algorithm based on a linear spring model 9 to simulate compression of DBCT images of pendant breasts. Another strategy involves developing generic segmented breast tissue models that are representative of some subset of the population. 7 Nonetheless, the segmented, voxelized breast tissue models used herein are arguably more realistic than the homogeneous models used in traditional mammography breast dosimetry studies, and are likely adequate for exploring general trends in macroscopic dose distributions (Fig. 3) , and for investigating sensitivity of f(z,D) to homogeneous versus segmented breast tissue [ Fig. 6(d) ].
In this work, the body is modelled as a rectangular water phantom; the contralateral breast is not modelled. Wang et al. 8 have demonstrated that inclusion of a whole-body voxel phantom affects the glandular dose coefficient (ratio of MGD and incident air kerma) by at most 3.1% compared to an isolated breast model. Future research may investigate how mammary epithelial cell nuclear specific energy distributions are affected by the presence of calcifications, which have been shown to result in considerable perturbation of dose distributions in other contexts. 54, 55 We assume a skin thickness of 2 mm, and support/compression plate thicknesses of 2 mm. Sarno et al. 17 report a polyenergetic normalized glandular dose coefficient (DgN p ) that is 19% smaller when skin thickness increases from 1.45 to 4 mm for a 30 kVp Mo/Mo spectrum; removing the 2 mm-thick PMMA compression plate causes DgN p to increase by <1.5%.
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Therefore, care should be taken to model the skin and plate thicknesses accurately. Our simulations involve a point source located at Z = 62 cm, corresponding to a cranial-caudal view; however, a typical mammographic exam also includes a mediolateral oblique view.
CONCLUSIONS
In this work, we developed computational multiscale breast models to investigate energy deposition in glandular tissues for mammography beyond a single macroscopic dose metric such as the MGD, which has often been the primary focus of previous studies. On macroscopic length scales there is considerable variation in dose throughout the breast with glandular voxel doses varying by 0.1 to 4 times the MGD, due to differences in attenuation and scatter, as well as variation with glandularity and tissue structure (which varies woman-to-woman).
In addition to this macroscopic dose variation, our multiscale MC simulations demonstrate that there is considerable variation in specific energy throughout a population of mammary epithelial cell nuclei: e.g., r z =z ¼ 85%, for a typical D gl of 4 mGy. Furthermore, the mean specific energy for mammary epithelial cell nuclei exceeds dose to the corresponding glandular tissue voxel by $ 30% for a typical mammographic irradiation. Therefore, D gl = 4 mGy corresponds to z≃5 mGy, with a 1r standard deviation resulting in specific energies of up to $ 9 mGy. If D gl (0,0,0) = 4 mGy, then a ROI that is 2 cm closer to the radiation source can have specific energies of up to $ 40 mGy. We demonstrated that f(z,D) for mammary epithelial cell nuclei are sensitive to cellular elemental composition and nuclear radius, while being approximately insensitive to compressed breast thickness, glandularity, glandular tissue composition, breast tissue type (i.e., homogeneous or segmented), and cell configuration, provided that D gl is constant.
While commonly used in mammography breast dosimetry studies, MGD does not account for the considerable variation in energy deposition on macro-or microscopic length scales observed herein. Our results highlight the importance of considering the stochastic nature of radiation for energy deposition in subcellular targets, and should be considered in future mammography radiation protection studies given the radiosensitivity and risk of carcinogenesis associated with mammary epithelial cell nuclei.
